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ABSTRACT
The aim of this study is to investigate the effect of the guide vanes on the
efficiency of the turbine of solar chimney power plant using Computational Fluid
Dynamics (CFD). In this study, a 3-Dimentional CFD simulation of solar chimney
power plant based on the Manzanares prototype is performed. The CFD simulation is
validated by comparing the experimental data from the Manzanares prototype and
simulation data with both 2D and 3D cases. To capture turbulent flow inside the
chimney, the SST 𝑘 − 𝜔 turbulence model is used. The first object is to investigate the
flow performance under the influence of the guide vanes while there is no turbine. Five
cases of solar chimney with different guide vanes designs, which are labeled with the
angle at the end of the vanes, are examined. The five angles studied in this work are
30° , 45° , 60° , 75° , and 90° guide vane. The flow angle at the vanes’ exit and the
temperature difference are calculated and analyzed. The swirling flow is also visualized
with flow streamline. The design of the guide vanes is proved to directly affect the flow
direction and the heat stored inside the blade chamber is negatively related to the blade
angle. The second object is to study the change in power under different turbine
rotational velocity and different guide vanes. In this part, a twelve-blade real turbine is
included and installed right above the exit of the guide vanes at the start of chimney.
Various cases are run for three angles, 30°, 60°, and 90° guide vane, and six rotational
velocities, from 20 rpm to 120 rpm. The multiple reference frame (MRF) method is
used in this part of the study to save computational resource. Thrust force, torque and
power are extracted and analyzed. It is found that the maximum power of 82.2 kW is
reached by the case of 30° guide vane at 80 rpm. Comparing to the power of the 90°
guide vane at the same rotational velocity, which is 66.3 kW, the increase is about 23.9%.
Finally, the deformation of the turbine of the cases run in the second part is examined
using Finite Difference Method (FEM). One way fluid structure interaction (FSI)
method is used in this section. The deformation and von Mises stress of the turbine are
calculated from the imported pressure. The maximum von Mises stress appears at the
joint between the blade and the central rotor is obtained for 20 rpm and angle of 90°
x

guide vane.
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CHAPTER 1
INTRODUCTION
Background
The global energy consumption rises year after year. According to the U.S.
Energy Information Administration’s (EIA) report, total world electricity generation
will reach nearly 45 trillion kilo watt hours (kWh) by 2050, almost 20 trillion kWh
more than the 2018 level. Currently, a large portion of electricity generation in the world
comes from fossil fuels (see Figure 1). During the last few decades, fossil fuels have
been extensively used in most thermal power plants around the world to generate energy.
However, the limited resources of fossil fuels and environmental consequences of
burning fossil fuels have stimulated research for renewable energy sources such as solar
and wind energy. As it is shown in Figure 1, global electric power generation from
renewable sources will increase and it provides almost half of the world’s electricity
generation in 2050. Unlike conventional energy sources, renewable sources are
intermittent because they generate energy according to the time and climatic availability
of the resources.

(U.S. Energy Information Administration, 2019)
Figure 1. World Net Electricity Generation by Fuel, IEO 2019 Reference Case
(2010-2050)
To avoid possible energy depletion in the future, the development of new
sustainable energy has received more and more attention recently. Among various
1

renewable energy sources, solar energy as a clean and sustainable resource has been
considered as a potential solution to the increasing demand of energy despite its limits,
such as low energy density and variability. EIA projects that global electric power
generation from solar energy will increase throughout the projection period.
Solar energy is almost the easiest accessible resource in the world. However,
the problem is how to transform the solar energy into the form that can be used by
humankind. The history of using solar energy can be traced back to very early history.
Records shows that the Greek and Romans used convex lenses to concentrate sunlight
to light fire in the 200s BCE. The systematic study of the solar energy started in the past
century. The first federal funded study of the solar energy in the United States can date
back to the 1940s. A group led by Hoyt C. Hottel from MIT undertook a program
intended to investigate the utilization of solar energy (Beattie, 1997). Throughout nearly
a century of study, the application of solar power has become efficient and economical.
The solar energy can be transferred into thermal energy or electrical energy via various
systems, such as solar collectors (Figure 2a), photovoltaic cells (Figure 2b), and solar
chimney (Wahab et al., 2019).
(a)

(b)

Figure 2. Example of (a) Solar Collectors and (b) Photovoltaic Cells.
The solar chimney, also called solar aero-electric power plant (SAEP) (Kasaeian
et al., 2017b), consists of a solar collector, a chimney and a turbine that can convert
solar energy into electric energy. The idea of using solar chimney to generate electricity
was first proposed by a Spanish engineer named Isodoro Cabanyes (Cabanyes, 1903).
Then in 1926, Bernard Dubos, a French engineer, presented his idea of building a solar
chimney power plant on the Atlas Mountains. In his claim, the speed of the updraft
would reach 50 m/s. In 1978, a German civil engineer, Jörg Sclaich, presented this
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technology again. Between 1981 to 1982, a team lead by Sclaich built the first prototype
of solar chimney in Manzanares, Spain. The prototype, which is shown in Figure 3,
consists of a chimney that is 194.6m high, 5.08m in radius, a collector that is 244m in
diameter and a 4-blade turbine mounted on the chimney base. The peak output of the
prototype was about 50 kW. The feasibility of solar chimney technology was proved
by the success of the prototype. In the past decades, several large-scale solar chimney
power plants (SCPPS) have been built or proposed in some countries (Zhou et al., 2010;
Dhari and Omri, 2013).
(a)

(b)

(c)

Figure 3. Prototype Manzanares: (a)the Plant, (b)the Turbine, and (c) the Collector.
A solar chimney power plant (SCPP) consists of four basic components:
collector, chimney, energy storage layer and energy transformation unit, which is
usually one or multiple turbines. The collector, who is made of transparent material
glass and polycarbonate, is a flat roof that works as a greenhouse. The chimney is
vertical set cylindrical pipe made of adiabatic material. The energy storage layer, which
is under the collector roof, can be made of heat-absorbing materials such as soil, gravel
and black-painted wood chips. For most situations, porous soil, which can store solar
energy during the daytime and release heat all the time, is good enough for large scale
SCPPs because it is easily required in most places and no additional cost is needed. The
turbine is placed on a several meters high guide at the chimney base which makes
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energy from passing air flow (Stockinger, 2016).
The mechanism of the solar chimney system is shown in Figure 4. In the system,
air under the collector is heated by the solar insolation due to the greenhouse effect.
The solar radiation passed through the collector roof is absorbed or reflected to the roof
by the air under the roof and the ground. The reflected solar ray can be partly reflected
again by the roof and this process repeats. The thermal buoyancy of the warmed air
under the collector induces natural ventilation inside the solar chimney. This kind of
buoyancy driven natural ventilation is also called stack ventilation (Khanal & Lei,
2011). As the heated air flows up out of the top of the chimney, new air is drawn into
the collector and is heated. Then this procedure can repeat itself to form a loop. Flow
going through the turbine takes a pressure drop without significant change in its velocity.
At this stage, the pressure of the flow is converted into energy.

Figure 4. Schematic of the Solar Chimney Power Plant System.
Research has proved that the efficiency of the solar chimney system increases
as the overall size of the facility increases. Meanwhile, the cost and the difficulty of
construction will also increase. For example, building a solar chimney with 100MW
output may demand the system consisting of a collector with several kilometers radius
and a chimney with about 1000m high. Therefore, the application of this technology is
quite dependent on the available area of land and the constructing technology in
building very high structures. Generally, this type of power plant is suitable for the
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areas like deserts and useless land and is not suitable for the land whose price is high
(de Richter, 2017).
Literature Review
The potential application of solar chimney power plant has gained a lot of
interest in the literature. These studies are reviewed from two aspects, which are
experimental and computational.
Experimental Work
After the success of the first prototype in Manzanares, a lot of experimental
studies of solar chimneys have been done. Krisst (1983) built four pilot solar chimneys,
which consisted of 10m high chimney, a collector with a diameter of 6m and 10W
power output in West Hartford in 1983. Two years later, in 1985, a solar chimney of
2m high, 9m2 collector area and 0.14 W power capacity was built by Kulunk (1985) in
Izmit, Turkey. Both studies above are small-scoped studies of the prototype in
Manzanares with a similar structure.
Pasurmarthi and Sherif (1998) constructed a solar chimney in Florida with two
improvements, which were enlarged collector base and intermediate absorber under the
collector intended to increase the efficiency of power generation. Ayadi et al. (2018)
created a solar chimney which was 3m in height, with 2.75m collector diameter and
0.05m collector roof height in Sfax, North Africa. The authors proposed to investigate
the collector roof effect combining with numerical study. Balijepalli et al. (2020) built
a small scaled SCPP in Warangal, India. The plant was 6m high. Its collector diameter
was 3.5m. The collector inlet gap was 0.1m high and the collector outlet to the base was
about 0.84m high, which made a 30o sloped collector cover.
The theoretical and numerical analysis of the geomatical parameters of SCPPs
generated by Kasaeian et al. (2014) presents that the height and the diameter of the
chimney could be the most important variables in solar chimney design. The authors
did experimental work wherein a solar chimney with 2m height and 3m collector radius
was built and investigated. The conclusion they found was that the solar chimney that
is constructed in chimney height of 3m, collector inlet height of 0.06m and chimney
5

diameter of 0.01m performs best among all pilots they created. Another experimental
work done by the same team in 2015 shows that the solar chimney with a smaller
entrance size would have better performance (Ghalamchi et al., 2015).
Okada et al. (2015) used a diffuser-type chimney, whose outlet was larger than
its inlet, to replace the cylindrical chimney in order to increase the velocity of the air
flow. Their results demonstrated that the velocity of the air was increased by 1.26-1.44
times and the power output was enhanced to 2.6-3 times more than that with cylindrical
chimney. Later, Ohya et al. (2016) created a small laboratory model of solar chimney
with a diffuser-type chimney of a 4o open area ratio and one with the same size but
having a cylindrical chimney. The results from their experiments reported that the
power output of diffuser tower exceeds 4-5 times that of the conventional cylindrical
tower.
Computational and Analytical Study
Numerical investigation done by Gholamalizadeh and Kim (2014) intended to
simulate the greenhouse effect in SCPP using radiation model. They created a 3D
unsteady model with RNG 𝑘 − 𝜀 turbulent model. Discrete ordinates (DO) radiation
model was introduced to solve the radiation equations. The results from comparing
simulation results and experimental data indicates a good agreement, which implies the
simulation of greenhouse effect playing a critical role in precisely predicting the
performance of SCPPs. Ming et al. (2008) stated the energy storage layer would
influence the performance of the flow. Serval numerical models of energy storage layer
were established and simulated combined with a SCPP model. The effect of the solar
radiation from 200W to 800W on the heat-absorbing property of the energy storage
layer was also studied. Simulation results present that the energy storage ratio of gravel
is always higher than that of soil as the solar radiation varying from 200W to 800W. It
was also found that the temperature gradient inside the energy storage layer rises as the
solar radiation increases, which leads to higher energy loss from the bottom.
In 2017, the work of Ayadi et al. (2017) examined the influence of the collector
roof angle on the performance of the solar chimney power plant using both
6

experimental and numerical methods. Their numerical model was 2 dimensional steady
and based on the standard 𝑘 − 𝜀 turbulent model. The authors investigated four angles,
which equal to −1.5o , −1o , 0o and 1o , based on their own experimental prototype.
Results showed that the negative collector roof angle would result in an increase in air
velocity. Koonsrisuk and Chitsomboon (2013) used 2D numerical methodology to
investigate the effect of flowing area on the performance of solar chimney. Six cases
with different combination of varied collector roof slope and oblique chimney were
studied. The result showed that sloping collector roof had positive effect on static
pressure and the power through the roof. Converging-top chimney showed close
efficiency as the constant area case. But diverging-top chimney case revealed better
performance in static pressure, mass flow rate and power comparing with the constant
area case.
Guo et al. (2015) investigated analytical scaling laws via studying a large range
of solar chimney height from 1m to 1000m with 3D simulating methods. The numerical
simulation was based on unsteady RANS model. Their simulation results indicated that
the flow inside the collector was turbulent. The existence of Rayleigh-BénardPoiseuille instability was confirmed in the collector by observing both lateral and
vertical convection rolls. Also, the simulations of multiple chimney sizes stated that the
energy output follows the cubic scaling law except the very small-sized chimney whose
flow is laminar inside its collector. Their conclusion indicated that relatively smallsized models can be used in simulation to predict the performance of a large-sized
object via cubic scaling law when studying the internal flow behavior of the solar
chimney. Time and money can be saved while the high-leveled accuracy will remain.
Huang et al. (2017) performed a 2D numerical simulation of solar chimney
under different solar radiation modes. Their simulation results highly matched those of
the experiments and 3D simulation and the conclusion indicated the feasibility of the
two-parallel-plate radiation heat transfer mode within the collector in 2D methods.
In 2017, the number of blades and the rotating speed of the turbine were investigated
via 3D CFD simulation by Kasaeian et al. (2017a). Results showed that the torque and
7

power output increase and mass flow rate decrease when either there is an increase in
the number of blades or the angular velocity of the turbine.
Research focusing on the guide wall set at the transition region between
chimney and collector was done by Hu et al. (2016). Different sized guide wall cases
were considered in this simulation. It was reported that potential maximum power
output has positive relationship with the guide wall height. The fitted equation can
provide proper estimate in predicting most suitable guide wall design for various scaled
SCPPs.
The presence of baffle set on the ground under the collector roof using
numerical simulation was studied by Lee et al. (2018). Their simulation results showed
the baffle has positive effect on the performance of the flow. Although the baffle
interferes with the flow, it provides additional contacting area for heat transfer and the
vortex, which has reverse-direction flow at its bottom, generated behind the baffle
which draws more heat to the main flow. Hassan et al. (2018) numerically studied the
solar chimney with inclined collector roof or diverged chimney separately in 2018. It
was reported that increasing the slope of the collector can increase the velocity of the
flow. However, when the slope exceeded 6o , the airflow started to lose its ability of
remaining uniform and recirculation, which may disrupt the airflow going into the
chimney and result in an overall reduction in efficiency. According to their results of
diverged chimney models, an increase of 108% in the power output was stated for
chimney diverging angle of 1o . Nasraoui et al. (2019) studied the thermal and
aerodynamic properties of flow inside a hyperbolic divergence chimney in 2019. The
curved chimney walls were shaped along arcs of different divergence radius. The
simulation results presented that the efficiency of the chimney with 15m divergence
radius reached 2.95 times more than that of the cylindrical chimney.
Gap Analysis
In the literature above, many research gaps can be found. Most experiments are
done in small scale. Although some analytical studies provided numerical approach to
link small-scaled and large-scaled SCPPs, more large-scaled experiments must be
8

performed to validate their prediction. Also, the study of the feasibility of constructing
a large-scaled deformed solar chimney is needed. The presence of the turbine was
neglected in many or simplified into pressure drop at specific height. The turbine plays
a very important role in the solar chimney system to transfer energy. In most papers,
the validation case was the prototype in Manzanares, which was built more than 30
years ago. It is suggested that the validation case can be chosen from some recent but
also reliable case in following research. Also, adding vanes on the base guide to
improve the performance of the flow has not been studied yet.
Motivation and Objectives
Motivation
The problem of worldwide energy consumption depending on traditional fossil
fuel is prevalent in a considerable number of countries and regions. Continuing to rely
on fossil fuel, the nonrenewable energy supply source, will lead to serious
consequences in the foreseeable future. Looking back on the global energy crisis in the
1970s, the international energy market was strongly impacted by the oil embargo policy
of the Arab states. Despite the political issues, the crisis showed the world that the
amount of energy in control restricts the potential of productivity of countries,
especially those developing countries with weak economies. Countries that continue to
consume fossil fuels and rely on them being supplied by outside entities will remain in
inferior development positions, while those countries supplying the resources will
further advance. It is difficult for those economically disadvantaged countries to
develop through traditional means and end poverty. To solve such dilemma, the research
and application of new energy has become an important role in some countries’
developing strategy. To most countries, the demand of developing new type energy
depends on their geographical conditions. For some African countries, the vast tracts of
undeveloped land and excellent light conditions at low latitudes make them very good
places to develop large-scaled solar chimney power plants. Rural Africa would benefit
most from the SCPPs. With plenty of undeveloped land, SCPPs can be built in large
scale and there can be considerable quantity of them. The abundance of solar irradiance
9

ensures that each SCPP can provide cheap and clean energy toward surrounding areas.
Also, the construction of solar chimneys would provide job opportunities to local
people. In addition, with deeper research and increased practical experience, the
technology of SCPPs may play an important role, not only in Africa, but also in the
worldwide power supply industry.
Objectives
The modified structure of the guide part of the solar chimney system has not yet
been investigated among recent research. Modifying the base guide part is an untouched
aspect in improving the design of solar chimneys. Understanding the flow through the
guide part and improving its performance by modifying the base guide is the main
objective of this project. To achieve this goal, it is important to analyze the flow close
to the guide using computational fluid dynamics (CFD) methods. The modified base
guide will have some circular patterned vanes on its surface, which is intended to guide
the flow to change its direction with less energy loss. The vanes on the base guide
surface and its influence on the passing flow has not been studied in the full scale and
presence of turbine. The angle of attack of the vanes is the main variable in analyzing
the performance of the flow. The velocity, temperature and pressure are the parameters
recorded and compared in understanding the performance of the flow, and their
relationship with the angle of attack are investigated.
Thesis Structure
The main body of this thesis includes five chapters, in which the performance
of solar chimney in presence of vane guide is studied. Chapter 2 introduces
mathematical models and numerical methods used to solve the Navier-Stokes and
energy equations required for this study. The governing equations, turbulence modeling,
and discretization methods are listed and shown in their requisite simplification. The
validation study is also presented in Chapter 2. The validated case is from numerical
analysis of airflow and output of solar chimney power plants (Stockinger, 2016).
Chapter 3 consists of the simulation and results of the cases with bladed guide. Five
cases with different guide vane angles, which are 30o , 45o , 60o , and 75o , at the exit
10

of the guide part, and a case with totally vertical vanes, are studied and discussed. In
Chapter 4, a full scale turbine is added into the cases and its effect on the performance
of the solar chimney is investigated and analyzed. Finally, all the work is summarized
into conclusions and future work is recommended in Chapter 5.

11

CHAPTER 2
NUMERICAL METHODOLOGY
In this chapter, the governing equations of the finite volume method, heat
transfer, natural convection and buoyancy-driven flows, turbulence modeling
and the discretization method are presented. The incompressible Reynolds Averaged
Navier-Stokes (RANS) equations are used to solve the flow region. Also, validation
works are done to ensure the reliability and accuracy of the numerical settings in
simulating the inner environment of a solar chimney power plant. The grid
independence study is also performed to prove the simulation results are independent
from the mesh quality.
Governing Equations
The equation for conservation of mass, or continuity, is considered as:
𝜕𝜌
+ ∇ ∙ (𝜌 𝑣⃗) = 𝑆𝑚
𝜕𝑡

(1)

where 𝑡 is time, 𝜌 is density, 𝑣⃗ is the velocity vector and 𝑆𝑚 is the mass added to the
continuous phase from the dispersed second phase. The momentum conservation
equation is expressed as:
𝜕
(𝜌 𝑣⃗) + ∇ ∙ (𝜌 𝑣⃗𝑣⃗) = −∇p + ∇ ∙ (τ̿) + 𝜌 𝑔⃗
𝜕𝑡

(2)

where p is the static pressure, τ̿ is the stress tensor, 𝑔⃗ is the gravitational acceleration
vector. The terms 𝜌 𝑔⃗ and 𝐹⃗ are the gravitational body force and external body forces,
respectively. The stress tensor τ̿ is given by:
2
τ̿ = 𝜇[(∇𝑣⃗ + ∇𝑣⃗ 𝑇 ) − ∇ ∙ 𝑣⃗ 𝐼]
3

(3)

where 𝜇 is the dynamic viscosity and 𝐼 is the unit tensor.
The conservation of energy can be considered as:
𝜕
(𝜌𝐸) + ∇ ∙ (𝑣⃗ (𝜌E + p)) = ∇ ∙ (k 𝑒𝑓𝑓 ∇T − ∑ ℎ𝑗 𝐽⃗𝑗 + τ̿𝑒𝑓𝑓 ∙𝑣⃗)) + 𝑆ℎ
𝜕𝑡

(4)

𝑗

where 𝐸 is the total energy inside the whole system, k 𝑒𝑓𝑓 is the effective conductivity,
which is the sum of the thermal conductivity of the fluid and the turbulent thermal
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conductivity, and 𝐽⃗𝑗 is the diffusion flux of species j. The first three terms on the righthand side of Eq. (4) represent energy transfer due to conduction, species diffusion, and
viscous dissipation, respectively. Also, 𝑆ℎ represents the additional energy source term.
However, this reaction source does not apply for the total enthalpy equation. In Eq. (4),
the total energy is expressed as:
𝑝 𝑣2
𝐸 =ℎ+ +
𝜌 2

(5)

where ℎ is the sensible enthalpy. Density, pressure and temperature are related by the
ideal gas law:
𝐸𝜌 =

𝑃𝑜𝑝
𝑅𝑎
𝑀𝑤 𝑇

(6)

where 𝑅𝑎 = 287.058 𝐽/𝑘𝑔𝐾 is the universal gas constant, 𝑀𝑤 is the molecular
weight of the gas and 𝑃𝑜𝑝 is the operating pressure. The enthalpy in Eq. (5) is defined
as:
ℎ = ∑ 𝑌𝑗 ℎ𝑗 +
𝑗

𝑝
𝜌

(7)

where 𝑌𝑗 is the mass fraction of species j and ℎ𝑗 is defined as:
𝑇

(8)

ℎ𝑗 = ∫ 𝑐𝑝,𝑗 𝑑𝑇
𝑇𝑟𝑒𝑓

where 𝑐𝑝,𝑗 is the specific heat capacity. For pressure-based solver, 𝑇𝑟𝑒𝑓 equals to
298.15K.
Natural Convection and Buoyancy-Driven Flows
When heat is added to air and the varied temperature leads to varied density, the
density difference between the heated air and the surrounding cooler air will form a
flow. The flows driven by such phenomenon is termed as natural convection flows. The
weight of buoyancy forces in a hybrid convection system can be quantified by the ratio
of the Grashof and Reynolds numbers:
𝐺𝑟
𝑔𝛽∆𝑇𝐿
=
2
𝑅𝑒
𝑣2

(9)

where 𝐺𝑟 is the Grashof number, Re is the Reynolds number, ∆𝑇 is the temperature
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difference between the fluid temperature and the solid surface temperature, L and v are
the characteristic length and velocity, respectively. 𝛽 is the thermal expansion
coefficient that is expressed as:
1 𝜕𝜌
𝛽 = − ( )𝑝
𝜌 𝜕𝑇

(10)

In pure natural convection, the strength of buoyance effect can be estimated by
the Rayleigh number, which is defined as the production of Grashof number and Prandtl
number:
𝑅𝑎 = 𝐺𝑟 𝑃𝑟 =

𝑔𝛽∆𝑇𝐿3 𝜌
𝜇𝛼

(11)

where 𝜇 is the dynamic viscosity and 𝛼 is the thermal diffusivity:
𝛼=

(12)

𝑘
𝜌𝑐𝑝

The Grashof number Gr is written as:
𝑔𝛽∆𝑇𝐿3
𝑣2
and the Prandtl number Pr is represented as:
𝐺𝑟 =

𝑃𝑟 =

𝑣
𝛼

(13)

(14)

Turbulence Modeling
The two-equation Shear-Stress Transport (SST) 𝑘 − 𝜔 turbulence model is
used thorough this study. This model is a RANS-based approach that contains the BSL
𝑘 − 𝜔 model and the additional transport of the turbulence shear stress. The advantage
of this model is that the SST 𝑘 − 𝜔 model is able to predict the behavior of flows from
smooth surfaces via the employed transport of the turbulence shear stress. Also, the SST
𝑘 − 𝜔 model blends the 𝑘 − 𝜔 model, which is applied to the near-wall region and the
𝑘 − 𝜀 model, which has a better performance out of the boundary layers. The switch
between 𝑘 − 𝜔 model and 𝑘 − 𝜀 model is controlled by a blending function.
The turbulence kinetic energy, 𝑘, and the specific dissipation rate, 𝜔, can be
calculated by the following transport equations:
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𝜕
𝜕
𝜕
𝜕𝑘
(𝜌𝑘) +
(𝜌𝑘𝑢𝑖 ) =
(𝛤𝑘
) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜕𝑥𝑗

(15)

𝜕
𝜕
𝜕
𝜕𝜔
(𝜌𝜔) +
(𝜌𝜔𝑢𝑖 ) =
(𝛤𝜔
) + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 +𝑆𝜔
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗
𝜕𝑥𝑗

(16)

and

In Eqs. (15) and (16), the term 𝐺𝑘 represents the production of turbulence
kinetic energy, 𝐺𝜔 represents the generation of 𝜔, 𝑌𝑘 and 𝑌𝜔 represent the dissipation
of 𝑘 and 𝜔 due to turbulence, and 𝐷𝜔 represents the cross-diffusion term. 𝑆𝑘
and 𝑆𝜔 are user-defined source terms. Moreover, 𝛤𝑘 and 𝛤𝜔 are the effective diffusivity
of 𝑘 and 𝜔 , respectively. The following equations present how the 𝛤𝑘 and 𝛤𝜔 can be
calculated:
𝜇𝑡
𝜎𝑘
𝜇𝑡
𝛤𝜔 = 𝜇 +
𝜎𝜔

(17)

𝛤𝑘 = 𝜇 +

(18)

where 𝜎𝑘 and 𝜎𝜔 are the Prandtl numbers for 𝑘 and 𝜔 , respectively, which are
defined as:
1
𝐹1
1 − 𝐹1
𝜎𝑘,1 + 𝜎𝑘,2
1
𝜎𝜔 =
𝐹1
1 − 𝐹1
𝜎𝜔,1 + 𝜎𝜔,2

(19)

𝜎𝑘 =

(20)

where 𝜎𝑘,1 , 𝜎𝑘,2 , 𝜎𝜔,1 and 𝜎𝜔,2 are model coefficients and 𝐹1 is the blending function
which defined as:
𝐹1 = tanh([min (max(
𝐷𝜔+ = max [2𝜌

500𝜇
4𝜌𝑘
√𝑘
,
)
,
)]4 )
0.09𝜔𝑦 𝜌𝜔𝑦 2 𝜎𝜔,2 𝐷𝜔+ 𝑦 2

1 1 𝜕𝑘 𝜕𝜔
, 10−10 ]
𝜎𝜔,2 𝜔 𝜕𝑥𝑗 𝜕𝑥𝑗

(21)

(22)

where y is the distance to the next surface. The turbulent viscosity 𝜇𝑡 is given by:
𝜇𝑡 =

𝜌𝑘
1
𝜔 max [ 1 , 𝑆𝐹2 ]
𝛼 ∗ 𝑎1 𝜔

(23)
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where 𝑎1 is a model coefficient, 𝑆 is the strain rate magnitude and 𝐹2 is given by:
(24)

500𝜇 2
√𝑘
𝐹2 = tanh([max(
,
)] )
0.09𝜔𝑦 𝜌𝜔𝑦 2

In the high-Reynolds number form of the 𝑘 − 𝜔 model, the coefficient 𝛼 ∗ =
1, and in the low-Reynolds number form, 𝛼 ∗ is expressed as a function given by:
𝛼∗ +𝑅𝑒 ⁄𝑅

(25)

𝑡
𝑘
0
∗
𝛼 ∗ = 𝛼∞
( 1+𝑅𝑒
)
⁄𝑅
𝑡

𝑘

∗
where 𝛼∞
, 𝛼0∗ and 𝑅𝑘 are model coefficients and:

𝑅𝑒𝑡 =

𝜌𝑘

(26)

𝜇𝜔

Default values from ANSYS were applied to all the model coefficients
mentioned above in this study (ANSYS, Inc., 2019).
Discretization Methods
A pressure-based solver with control-volume method is used to solve the
governing equations. The geometry of the guide-vanes is created in SOLIDWORKS
2018 and the rest of the geometry is created using ANSYS workbench. The integrated
geometry is meshed by ANSYS workbench and then the mesh is imported to Fluent to
solve. The coupled algorithm was chosen as the pressure-velocity coupling scheme.
Differing from the segregated algorithms, the coupled algorithm solves the pressurebased continuity and momentum equations together, which makes the convergence
relatively faster.
For any i-th cell, the discretized form of the momentum equation for component
𝑢𝑘 is expressed as:
(27)

𝑢𝑘 𝑢𝑘
𝑢 𝑝
𝑢
∑𝑗 𝑎𝑖𝑗
𝑢𝑘𝑗 + ∑𝑗 𝑎𝑖𝑗𝑘 𝑝𝑗 = 𝑏𝑖 𝑘

and the compiled discretized form of the continuity equation is defined as:
(28)

𝑝𝑢𝑘
𝑝𝑝
∑𝑘 ∑𝑗 𝑎𝑖𝑗
𝑢𝑘𝑗 + ∑𝑗 𝑎𝑖𝑗
𝑝𝑗 = 𝑏𝑖𝑝

Finally, the resulted overall system equation, which has been transformed into
the 𝛿-form, can be written as:
(29)

⃗⃗𝑖
∑𝑗[𝐴]𝑖𝑗 𝑋⃗𝑗 = 𝐵
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The matrix 𝐴𝑖𝑗 that representing the influence of cell i and cell j is given by:
𝑝𝑢
𝑎𝑖𝑗

𝑢𝑝
𝑎𝑖𝑗

𝑢𝑢
𝑎𝑖𝑗

𝑣𝑝
𝑎𝑖𝑗
𝑤𝑝
𝑎𝑖𝑗

𝑣𝑢
𝑎𝑖𝑗
𝑤𝑢
𝑎𝑖𝑗

𝐴𝑖𝑗 =

𝑝𝑝
𝑎𝑖𝑗

[

𝑝𝑣
𝑝𝑤
𝑎𝑖𝑗
𝑎𝑖𝑗
𝑢𝑣
𝑢𝑤
𝑎𝑖𝑗
𝑎𝑖𝑗
𝑣𝑣
𝑎𝑖𝑗
𝑤𝑣
𝑎𝑖𝑗

𝑣𝑤
𝑎𝑖𝑗
𝑤𝑤
𝑎𝑖𝑗

(30)

]

⃗⃗𝑖 , can be written in the
The vector of unknown, 𝑋⃗𝑗 , and the vector of residual, 𝐵
following forms:
𝑝𝑖′
𝑢′
𝑋⃗𝑗 = 𝑖′
𝑣𝑖
[𝑤𝑖′ ]

(31)

−𝑟𝑖𝑝
𝑢
⃗⃗𝑖 = −𝑟𝑖𝑣
𝐵
−𝑟𝑖
[−𝑟𝑖𝑤 ]

(32)

The second order upwind method was employed to discretize the momentum
equations. The first order upwind method was chosen to discretize the turbulent kinetic
energy and specific dissipation rate. The gradient spatial discretization method used is
the green-gauss cell-based scheme. And the standard method was used in the pressure
discretization. Also, the pseudo transient under-relaxation method is employed in the
calculation.
Multiple Reference Frame (MRF) Method
Multiple reference frame method is a steady time approach which is used to
simulate models with multiple subdomains with relative motion between those
subdomains. In the simulation with MRF method, all the subdomains are actually
stationary, but the relative motion is calculated with specified equations for velocity
assigned to each subdomain. The modified equation of momentum is (Kasaeian et al.,
2017a):
⃗⃗𝑟 )
𝜕(𝜌 𝑣
𝜕𝑡

⃗⃗⃗

⃗⃗ × 𝑟⃗ + 𝛺
⃗⃗ × 𝛺
⃗⃗ × 𝑟⃗) + 𝜌 𝜕𝛺 × 𝑟⃗ = ∇ ·
+ ∇ · (𝜌 𝑣⃗𝑟 𝑣⃗𝑟 ) + 𝜌(2𝛺
𝜕𝑡

(μ ∇ 𝑣⃗𝑟 ) + S𝑣⃗⃗𝑟
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(33)

⃗⃗ is the angular velocity vector, and 𝑟⃗ is
𝑤 here 𝑣⃗𝑟 is the relative velocity vector, 𝛺
position vector. The relationship of absolute velocity and relative velocity is written as:
(34)

⃗⃗ − (𝛺
⃗⃗ × 𝑟⃗)
𝑣⃗𝑟 = 𝑉

⃗⃗ is the absolute velocity vector, and the conservation of continuity is given by:
where 𝑉
𝜕𝜌
𝜕𝑡

(35)

+ ∇ · (𝜌 𝑣⃗𝑟 ) = 0

Validation
Two-Dimensional Validation
To validate, a two-dimensional axisymmetric model of the solar chimney power
plant was created. The numerical methods used in the validation are shown in Table 1:
Table 1. Numerical Methods Used in the Validation Case.
Solver type
Time Solver
Turbulence modeling
Scheme
Spatial Discretization for gradient
Spatial Discretization for other terms

Pressure Based
Steady
k-𝜀 realizable
Coupled
Least squares cell based
Second order

The dimensions of the solar chimney power plant and the temperature
conditions are set similar as the Manzanares prototype (Stockinger, 2016). Figure 5
shows the schematic of the model used with all named boundaries for validation. The
height of the tower is 200 m, and its radius is 5 m. The height of the collector’s roof is
1.7 m, and its radius is 120 m. The curved region of the chimney is inside the domain
which ranges from 0 m to 13.3 m along the x-axis and from 0 m to 10 m along the yaxis. The model used to simulate air is incompressible ideal gas. Same boundary
condition as the work of Stockinger (2016) is used in the validation case. The gravity
is set to 9.81 𝑚2 /𝑠. The inlet is set to pressure inlet and the outlet is set to pressure
outlet. The axis boundary is set to axis. All the other boundaries are walls. The ambient
temperature of the model is 293 K. Convection of 10 𝑊/(𝑚2 𝐾) is applied to the
collector roof as convective boundary. Heat flux of 500 𝑊/𝑚2 is assigned to the
ground to model the effect of solar radiation. The mesh of the validation case is made
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up with a total of 108300 structural cells and 109996 nodes. Figure 6 shows the mesh
close the curved domain from 0m to 5 m along x-axis and 7.5 m to 12 m along y-axis.
The size of cells is made non-uniform. Cells close to the walls are made finer than the
cells that are far from the wall surfaces. Meanwhile, the cells close to the curved domain
are finer than those cells that are far from the curved domain.

Figure 5. Schematic of the Validation Case.

Figure 6. Mesh System of the Validation Case.
The area-weighted average velocity and temperature are computed from the
entrance of the chimney. The collected results are compared with the data from the
Manzanares prototype (Haaf et al., 1883), which is shown in Table 2. In this Table,
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𝑣𝑖𝑛 represents the average velocity at the entrance of the chimney and ∆𝑇 represents
the difference between the extracted temperature results and the ambient temperature.
Table 2. Comparison of Data From 2D Simulation and Manzanares
Prototype.
𝑣𝑖𝑛 (m/s)
∆𝑇 (K)

Simulation
15.03
16.79

Prototype
15
20

Relative error
0.19%
16.04%

Three-Dimensional Validation
After finishing 2D validation, a 3D validation case is created as the following
investigation for present work. The geometry of the 3D validation case is generated by
rotating the 2D geometry 360 degrees. The height of the entrance of the chimney is
changed from 10m to 8m to make space for the turbine, which will be mounted at the
entrance of the chimney in the following investigations. All the numerical methods
employed are the same as the 2D case except the turbulence model. Instead of 𝑘 − 𝜀
realizable model, 𝑘 − 𝜔 SST model is used in order to have a better performance in
capturing the vortexes. Same boundary conditions as the 2D case is used for 3D
simulation.

Figure 7. Grid System of 3D Validation Case.
The grid system of 3D geometry consists of 1079057 nodes and 2198482 cells.
Structural mesh is created for the cells inside chimney and collector. Similar to the 2D
case, cells close to the walls and curved domain are finer than those far from the walls
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and curved domain. The curved domain is meshed with tetrahedron cells with inflations
on wall surfaces. Figure 7 shows the mesh close to the curved domain of the cross
section in the middle of the model. The magnified frame shows the inflation at the
corner. Table 3 presents the area-weighted average velocity and temperature of the
chimney entrance surface of current work compared with the data from Manzanares
prototype.
Table 3. Comparison of Data From 3D Simulation and Manzanares
Prototype.
𝑣𝑖𝑛 (m/s)
∆𝑇 (K)

Simulation
15.35
16.71

Prototype
15
20

Relative error
2.4%
16.41%

Grid Independence Study
Grid independence study is conducted upon 3D model geometry with 90-degree
guide blade. This model will be discussed in detail in Chapter 3. The main purpose of
this simulation is to investigate the power output of the solar chimney, and the mass
flow rate and flow velocity are the most associated terms to the power output. Therefore,
the area-weighted average velocity is chosen as the criteria of the grid independence
study.
Table 4. Area-Weighted Average Velocity at the Height of 8 m, 10 m, 13 m and 200
m of Cases with Difference Grid Resolutions.
Node

Cell

1532493
1050371
726664
505708
347287
246704

2893341
1883160
1231699
824669
546290
384651

𝑟𝑛

𝑟𝑐

𝑣8

𝑣10

𝑣13

𝑣𝑜𝑢𝑡

1.459
1.445
1.436
1.456
1.407
1.430

1.536
1.528
1.493
1.509
1.420
1.460

15.378
15.388
15.499
14.972
14.509
14.507

15.320
15.315
15.427
14.862
14.394
14.418

14.990
15.014
15.110
14.597
14.135
14.217

14.996
15.004
15.100
14.579
14.120
14.206

Table 4 shows a total of seven models used in the grid independence study. 𝑟𝑛
and 𝑟𝑐 represent the ratio of the number of nodes and cells of current model and the
model under it, respectively. Also, 𝑣8 , 𝑣10 , 𝑣13 and 𝑣𝑜𝑢𝑡 represent the area-weighted
average velocity of the whole surface at the height of 8 m ,10 m, 13 m and 200 m,
respectively.
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Figure 8 show the area-weighted average velocity for various heights of 8 m ,10
m and 13 m at different grid systems. The averaged difference in velocity between the
case with 505708 nodes and the case with 726664 nodes is 3.48%, and the averaged
difference in velocity between the case with 726664 nodes and the case with 1050371
nodes is 0.68%. Therefore, the cases with 726664 nodes can be considered as medium
mesh. Cases with 1050371 or more nodes are considered as fine mesh and cases with
505708 or less nodes are considered as course mesh. All the models in Chapters 3 and
4 are modified and meshed based on the model with 1050371 nodes with similar grid

Area-weighted
average velocity [m/s]

(b)

Area-weighted
average velocity [m/s]

(a)

Area-weighted
average velocity [m/s]

resolution for an appropriate balance between computation accuracy and cost.
16.0
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Number of nodes

1500000
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16
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0

Figure 8. Area-Weighted Velocity at Different Heights of (a) 8 m, (b) 10 m, (c) and
13 m inside the Chimney.
CHAPTER 3
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SOLAR CHIMNEY WITH GUIDE VANES
In this chapter, the flow guided by guide vanes which are set at the chimney hub
is investigated in detail. Multiple designs of guide vanes with different exit angles are
tested and investigated. Flow velocity and vorticity are also visualized via the flow
streamlines. The strength of swirls is calculated and presented by the Swirl number.
Guide Vanes
In order to control the direction of flow at the entrance of the tower, twelve
guide vanes are placed at the hub of the chimney. Five different designs of the guide
vanes are tested and analyzed in this work. These designs are named with their angles
between outflow and horizontal plane, which are 90°, 75°, 60°, 45° and 30°. All the
guide vanes are created by SOLIDWORKS 2018 software. All the guide vanes are
designed with a same height of 8 m and radius of 10 m. The thickness of each vane is
set to 5 cm in consideration of two concerns. First, the increase of velocity due to
decreasing flow area is negligible when using 5 cm thickness. Second, the mesh close
to the guide vane region can be generated relatively cheap but with enough accuracy to
capture the curvature of the guide vane. The guide vanes are vertical at the flow inlet
and smoothly twist to the given angle at the outlet. Figure 9 shows the front view of the
geometry of all guide vane designs.
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Figure 9. The Front View of Guide Vane Geometry with Different Angles of (Top)
90°, (Mid-Left) 75°, (Mid-Right) 60°, (Bottom-Left) 45°, and (Bottom-Right) 30°.

Comparison Between Case with 90° Guide Vane and Case without Guide Vanes
To see if the presence of 90° guide vane can affect the flow velocity or not, a
comparison between this case and the case without vane is performed. Table 5 shows
the area-weighted average velocity 𝑣̅ and temperature difference ∆𝑇 of both cases at
the height of 8 m. It is observed that the difference between these two cases is negligible
for both flow and temperature fields.
Table 5. Comparison of Data from Case with 90°Guide Vane and without
Guide Vanes.
𝑣̅ (m/s)
∆𝑇 (K)

90°
15.3888
16.7291

No guide vane
15.3862
17.0399
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Relative error
0.017%
1.8%

Figure 10. Contour of Velocity Magnitude (m/s) at the Height of 8 m for the (Left)
Case With 90° Guide Vane, and (Right) Case Without Guide Vane.

Figure 10 shows the contour of velocity magnitude of the surface at height of
8m. The contour of velocity magnitude of the middle cross section is also shown in
Figure 11. From these results, it is clear that the velocity distribution of the case with
guide vanes is slightly affected due to additional boundaries. But for most areas in each
region, the velocity distribution shows similar pattern as the case without guide vane.
Meanwhile, Figure 10 reveals that the effect of guide vanes towards the velocity
distribution along axial direction is negligible.

Figure 11. Contour of Velocity Magnitude (m/s) of the Middle Cross Section for
the (Left) Case with 90°Guide Vane (Right) Case without Guide Vane.
Simulation of Cases with Guide Vanes
The goal for this study is to figure out how the guide vanes affect the flow. The
velocity, temperature and generated vortex are analyzed in this section. Models for the
simulation are meshed and set up using the same method as that described in the section
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of grid study in Chapter 2. Inflations which have the first layer thickness of 0.01 m are
also applied on the guide vanes surface to capture the boundary layers. The average
measured wall y+ of the guide vanes and surrounding walls is about 12. Cases with
guide vanes of 75°, 60°, 45° and 30° are examined. To study the effect of angle on
flow, the averaged tangential, axial and radial velocity are extracted. The sum vector of
tangential and axial velocity is calculated and named as 𝑣⃗𝑎𝑡 . The angle between 𝑣⃗𝑎𝑡
and the horizontal surface is calculated. Averaged temperature is recorded in order to
investigate the effect of the guide vanes on the temperature field. All the data is
extracted from the surface at a height of 8 m and shown in Table 6. In this Table, 𝑣𝑡
represents the tangential velocity, 𝑣𝑎 represents the axial velocity, 𝑣𝑟 represents the
radial velocity, 𝜃 represents the angle between 𝑣⃗𝑎𝑡 and horizontal surface, and
𝑇 represents the temperature.
Table 6. Tangential, Axial and Radial Velocity, Calculated Angle and Temperature
of Surface at a Height of 8 m inside the Chimney.
𝑣𝑡 (m/s)
𝑣𝑎 (m/s)
𝑣𝑟 (m/s)
𝜃(°)
𝑇(K)

30°
12.12
9.55
-0.68
38.26
318.87

45°
10.38
10.82
-1.26
46.18
315.60

60°
7.61
12.70
-1.37
59.05
312.62

75°
3.65
14.81
-1.25
76.14
310.78

According to Table 6, the angle 𝜃 is close to the given angle for cases of 45°,
60° and 75° guide vane. The difference for these three cases is about ±1°. For 30° case,
there is an 8.26° difference. The possible reason is the guide vane design tolerance.
Notice that for the cases of 30°, 45° and 60° guide vane, the vane angles close to the
outside wall for all cases strictly match the desired angle, but the vane angles close to
the inside wall does not. The inside angle is slightly larger than the outside angle so that
the flow going through the inner region is guided to a larger angle and results in the
difference between 𝜃 and the given angle.
To investigate the tangential velocity distribution formed by the guide vanes,
the tangential velocity contour at the height of 8m is analyzed. Figure 12 shows the
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tangential velocity of the surface at the height of 8m for the case 75°, 60°, 45° and 30°
guide vane, respectively. It should be noted that the positive direction is
counterclockwise. Therefore, the negative values mean the direction of the tangential
velocity of the flow is clockwise. According to the contour, the maximum magnitude
increases as the angle decreases from 75° to 30° guide vane. The maximum tangential
velocity appears at the right near-wall region in each sector. Also, the maximum
magnitudes appear close to the hub except 75° guide vane case.

Figure 12. Tangential Velocity (m/s) at the Height of 8 m for the Case of (a) 75°,
(b) 60°, (c) 45°, and (d) 30°Guide Vanes.
Figure 13 shows the axial velocity at the height of 8m in all four cases. Similar
to the tangential velocity, the maximum axial velocity of 75°guide vane appears close
to the outside wall and that of the other cases appears close to the inside wall.
Meanwhile, the high velocity region gets more and more concentrated to the center as
the angle decrease. The assumption can be made that the reason for this phenomenon
could be the guide vane shape designs or the effect of flow angle. It is noticed that the
angle difference may be the reason for the velocity distribution, but further study is
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needed to examine it.
The average temperature increases as the guide vane angle decreases. It may be
possibly explained that the guide vane blocks the flow that enters the chamber and
forces the flow to go through the given channel, which either changes the direction of
the flow or extends the distance that flow travels. As the flow takes longer time inside
the channel, heat could be better stored inside it.

Figure 13. Axial Velocity (m/s) at the Height of 8 m for the Case of (a) 75°, (b)
60°, (c) 45° and (d) 30° Guide Vane.
For a better understanding of the flow behavior, the flow field inside the
chimney is presented in Figures 14-16. The contours of the axial velocity component
and velocity distributions on radial cut at different positions within the chimney are
computed for flow inside the chimney to document the flow structure. The results are
provided for vane angles of 30°, 60°, and 90°. These contours allow us to evaluate
the transition from the zone close to the guide to the zone far from the guide inside the
chimney. It should be noted that the flow field is axisymmetric at different cross-flow
planes in near wake. As shown in these figures, the velocity profile in the radial
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direction changes with axial location inside the chimney. Near the guide, there is a low
velocity along the centerline and a high velocity along the edge of the guide. Moving
downstream, the velocity distribution gradually turns into the uniform distribution. The
axial velocity profile represents a prominent zone of backflow with negative axial
velocity directly behind the guide as the recirculation zone. In case of 90° guide vane
(non-swirling flow), this recirculation zone is narrow with the length of about 10m
above the guide. In cases of 60° and 30° guide vane, two peaks in velocity profiles are
recognized in near wake close to the guide. As the vane angle decreases, the axial
velocity decreases, which results in higher tangential velocity.

Figure 14. Near Field (Top-Left), Far Field (Top-Right), and Contour of Axial
Velocity inside the Chimney for Angle of 90 Degree.
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Figure 15. Near Field (Top-Left), Far Field (Top-Right), and Contour of Axial
Velocity inside the Chimney for Angle of 60 Degree.
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Figure 16. Near Field (Top-Left), Far Field (Top-Right), and Contour of Axial
Velocity inside the Chimney for Angle of 30 Degree.
Swirling Flow Study
To study the flow structure inside the chimney, the streamlines are extracted
and analyzed. Figure 17 shows the simplified characteristic streamlines which can
clearly indicate the flow direction. To identify the difference in swirling flow of the
four different angle cases, the flow pattern is recorded and analyzed. Figure 18 shows
a single streamline that goes through a specific point (0,3,100) and is cut by a middle
surface. As the example shown by the Figure 18, the distance between each two
revolutions of flow, which is considered as the distance between two upper end points
of adjacent flow streamlines, is recorded for all the four cases via the streamlines
passing a same point (0,3,100).
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Figure 17. The Streamlines inside the Chimney for the Case of (a) 75°, (b) 60°, (c)
45°, and (d) 30° Guide Vane.

Figure 18. Example Streamline Used to Calculate the Distance between Every Two
Revolutions of the Swirl for the Case of 30°.
Table 7 includes the z-axis of the first five end points (from low to high along
z-axis) and the distance between each two adjacent points for the cases of 30°, 45° and
60° guide vane. For the case of 75° guide vane, only three points are captured by the
streamline. In Table 7, the z-axis is presented as z and the distance is presented as ∆𝑧.
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From this Table, the ∆𝑧 for the case with larger angle has a larger value comparing
with others. Also, the ∆𝑧 increases from lower positions to higher positions. To
numerically measure the strength of the swirls generated, the swirl number 𝑆𝑛 can be
used. The swirling number 𝑆𝑛 can be calculated by:
(36)

𝑅

∫0 𝑢𝑧 𝑢𝜃 𝑟 2 𝑑𝑟

𝑆𝑛 =

𝑅

𝑅 ∫0 𝑢𝑧 2 𝑟 𝑑𝑟

where R is the outer radius of annulus, 𝑢𝜃 and 𝑢𝑧 are the tangential and axial velocity
at the corresponding position 𝑟 (Durox et al., 2013). For the cases of 30°, 45°, 60° and
75° guide vane, the swirling numbers at the height of 8m are 0.88, 0.66, 0.43 and 0.19,
respectively. For the chimney’s outlet, the swirling numbers are 0.61, 0.53, 0.42 and
0.21, respectively. Notice that for all the four cases, the swirls at the exit of the guide
vanes are stronger than the swirls at the outlet. The reason for this phenomenon could
be that the natural ventilation inside the chimney accelerates the axial movement of the
flow. Also, the swirls generated by the guide vanes with smaller angles are stronger
than those generated by the guide vanes with larger angles.

Table 7. The Z-Coordinate of Upper End Points of Cut Streamline and Distance
between Each Two Adjacent Points.
30°
1
2
3
4
5

z
21.95
37.19
52.95
69.06
86.22

45°
∆𝑧
15.23
15.76
16.11
17.16

z
20.71
36.70
53.77
72.72
94.29

60°
∆𝑧

15.98
17.07
18.95
21.56

z
29.09
53.46
79.20
107.31
137.73

33

75°
∆𝑧
24.37
25.73
28.11
30.42

z
46.67
113.69
176.70
-

∆𝑧
67.02
63.00
-

CHAPTER 4
SIMULATION WITH TURBINE
In this chapter, a real turbine is introduced into the models used in Chapter 3. A
comprehensive investigation of flow performance under various rotating speed of the
turbine and different guide vanes is implemented. The MRF method is employed to
make the simulation calculable under steady time solver. The numerical results are
compared and analyzed. Finally, a one-way FSI study is performed to obtain a clear
understanding of the deformation and the stress distribution on the turbine surface.
Turbine Design and Geometry
The turbine is created using SOLIDWORKS 2018 software. The NACA 4412
airfoil is used in the blade design. The hub of the turbine is a combination of a cylinder
with a radius of 1.65 m and a height of 1m and an elliptical dome with the same radius
and a height of 0.5 m. The twisting blade design is employed. The twist angle between
the blade and the level is 25° at the inner edge and it smoothly transfers to 6° at the
outer edge. The inner chord length is 0.379 m and the outer chord length is 0.1668 m.
The program used to calculate the blade twist angle and cord length is called
KineticTurbineCalc. The radius of the whole turbine is 4.9 m. The turbine blade is
generated by lofting a total of six cross sections with different angles and chord lengths.
A total of 12 turbine blades are created by circularly patterning the original one. Figure
19 shows the top and the front view of the turbine.

Figure 19. Top (Left) and Front (Right) Views of the Turbine.
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For the MRF setting in the following simulation, a cylindrical disk containing
the turbine is isolated. The radius of the disk is 4.95 m and the thickness of it is 2 m.
The tetrahedrons patch conforming method is used to mesh the turbine disk. The turbine
is meshed with a global size of 0.25 m. Meanwhile, to capture the curvature of the
leading edges and trailing edges of the turbine blades, the mesh size close to the blade
leading edges and trailing edges is set to 0.02 m. Also, inflations with first layer
thickness of 0.001 m are applied on the turbine surface. The meshed disk contains
1,495,597 nodes and 4,996,161 elements. The skewness mesh metric is employed to
estimate the mesh quality of the disk. The maximum skewness of the mesh is 0.869, the
average value is 0.389 and the standard deviation is 0.180. Figure 20 shows the top
view of the wireframe mesh of the turbine disk.

Figure 20. The Top View of the Wireframe Mesh of the Turbine Disk.
The turbine disk is placed right upon the guide vanes at the height of 8.1 m.
Interfaces are created separately at the top, bottom and side surface of the disk. Figure
21 shows the mesh of vertical cross section at the middle of the chimney.

Figure 21. Grid System of Vertical Cross Section at the Middle of the Chimney.
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Steady Simulation with MRF Method
Stationary Model
In this study, only cases with 30°, 60° and 90° guide vanes are simulated. For
cases of each vane angle, the simulation is firstly done without any motion to have a
fundamental velocity and temperature distribution inside the solar chimney. The
numerical settings for this part are shown in Table 8.
Table 8. Numerical Methods Used in the Simulations with a Turbine.
Solver type
Time Solver
Turbulence modeling
Scheme
Spatial Discretization for gradient
Spatial Discretization for pressure
Spatial Discretization for other terms

Pressure Based
Steady
𝑘 − 𝜔 SST
Coupled
Green gauss node based
Standard
First order upwind

Also, the pseudo transient option is activated, and the timescale factor is set to
0.5. The environmental settings are exactly the same as that used in the validation.
Comparison between Sliding Mesh Method and MRF Method
Normally, to investigate the flow behavior under circumstance of rotating
turbine, transient sliding mesh method is employed. The sliding mesh method is the
most accurate method in simulating rotating flow. However, it also demands the most
computational resource. As there are a total of 18 cases that need to be simulated in this
work, MRF method is introduced as an alternative method to save the computational
resource without sacrificing the accuracy too much. To validate the MRF method is
doable in this study, the simulation is done using sliding mesh method and MRF method
separately. The vane angle of the case used for the validation is 90° and the angular
speed is 100 rpm. To implement the MRF method, the frame motion of the turbine disk
is activated, and an angular velocity of 100 rpm along the z-axis is given to the disk.
The wall type of the turbine is switched to moving wall, and the angular velocity of the
turbine is set to relative to adjacent cell zone, which is the disk. For the sliding mesh
case, the time solver is switched to transient. The mesh motion is activated for the
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turbine disk, and the turbine wall type is set to moving wall. The time step size is 0.005s,
which means that the rotation between each two timesteps is 3°, and there are 20
iterations inside each time step. To simulate this case, 15 paralleled processors are used.
For the case using MRF method, it takes 60 hours to get the converged solution. For
the sliding mesh case, the time used to have converged solution is almost 260 hours
with the same number of processors. The simulation results are shown in the Table 9.
The data of velocity magnitude at the outlet, the mass flow rate, the thrust force applied
on the turbine and the torque applied on the turbine is extracted and compared. The data
of the sliding mesh case is the average value of the last 0.6 s, the time needed for rotating
a whole revolution. As shown in Table 9, the error is about 1%. Meanwhile, the
calculation time using MRF method is much less than the time needed by using sliding
mesh. So, it can be concluded that the MRF method is a better choice in this study.
Table 9. Comparison of Sliding Mesh and MRF Results.
MRF
7.01
583.09
17179.73
5815.80

Velocity magnitude at the outlet (m/s)
Mass flow rate(kg/s)
Thrust force(N)
Torque (N m)

Sliding
mesh
6.95
577.4297
17168.33
5897.013

Relative
error
-0.90%
-0.98%
-0.07%
1.38%

Turbine Performance
The same setting as the MRF validation case is used in all the remaining
simulations. For each vane angle, six cases with different angular velocity, which are
20 rpm, 40 rpm, 60 rpm, 80 rpm, 100 rpm and 120 rpm, are tested. To intuitively
measure the effect of the vanes, the power output of the turbine is a significant
parameter. The power output of the turbine can be calculated by the following equation:
(37)

𝑃 = 𝑇𝜔

where 𝑃 is the power output, 𝑇 is the torque applied on the turbine along the axial
direction, and 𝜔 is the angular velocity of the turbine. The torque applied on the turbine
can be calculated by force report function, and the angular velocity is manually set
corresponding to each case.
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Figure 22. Torque Value at Different Angular Velocities and Angles.
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Figure 23. Power Output Value at Different Angular Velocities and Angles.
It can be seen from Figure 22 that the peak value of torque applied on the turbine
occurs at 40 rpm for the cases of 90° and 60° guide vane. However, for the case of 30°
guide vane, the peak value occurs at 60 rpm. All three series show similar trends of
increasing to the peak value, then monotone decreasing. According to Eq. (37), the
power output is calculated and shown in Figure 23. Similar to Figure 22, the value from
30° is the lowest before 60 rpm and keeps being the highest after 60 rpm. It can be
observed that the peak value of the power output locates at 80 rpm for all three series.
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Note that at 80 rpm, the power output of 30° (82174 W) has a 23.9% increase from the
power output of 90° (66340 W), and the power output of 60° (74220 W) is 11.9%
higher than that of 90°(66340 W). It is also observed that from Figures 22 and 23,
when the angular velocity is smaller than 40 rpm, the performance of 30° and 60° cases
are not good.
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Figure 24. Thrust Force Value at Different Angular Velocities and Angles.
It is suggested that the effect of guide vanes may be highly related to the angular
velocity of the turbine. Meanwhile, from Figure 24, it can be concluded that the 30°
series has the largest thrust force, the 60° series has the second-largest value and the
90° has the smallest for all the angular velocity. The maximum value occurs at 80 rpm
for all three series. Due to the change in flow direction caused by the vanes, as the vane
angle decreases, the axial velocity of the flow decreases and the tangential velocity
increases. So that the thrust force decreases due to the decrease of the axial velocity,
and the increase in the tangential velocity provides additional push force upon the lower
surface of the turbine blades, this could explain the increase in the torque and power
output of 30° and 60° series.
From Figure 25, generally, the mass flow rate shows a negative correlation with
the power output. The case of 90° guide vane has the maximum mass flow rate at 20
rpm and the 30° guide vane has the minimum mass flow rate at 100 rpm. It could
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possibly be explained that the vanes block the flow and have more heat stacked inside
the chamber, as shown by Figure 26. According to the Eq. (6), the density of air will
decrease as the temperature increases. And the decrease in density possibly leads to the
decrease in mass flow rate.
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Figure 25. Effect of Vane Angle on Mass Flow Rate.

Figure 26. Temperature (K) Distribution for the Case of (a) 30°, (b) 60°, and (c)
90° Guide Vane with Angular Velocity 100 rpm.
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Figure 27. Axial Pressure (Pa) Distribution for the Case of (a) 30°, (b) 60°, and (c)
90° Guide Vane with Angular Velocity 60 rpm.
Figure 27 shows the axial pressure distribution near turbine blades for all three
vane angles at 60 rpm. It can be observed that in the region above the turbine blade, the
distribution of pressure is similar. But in the region below the turbine blades, it is
obvious that the pressure is lower as the vane angle gets smaller.
Streamline on the Blade Surface
The streamline distribution on turbine blade surface allows us to predict the
three-dimensional flow behavior on the blade surface. Therefore, the numerical results
are provided to present flow distribution on turbine blade at different rotational speed
and vane angles. These streamlines on the blade can present a better understanding of
attachment and flow separation on the blade surfaces for different cases. The color
contour shows the wall shear stress. Figure 28 shows the streamline distribution on the
blade surface colored with the static pressure. As shown in this figure, two vortices
including the vortex in the trailing edge and the backflow in the leading edge form an
open separation line on the suction surface of the blade. The position and shape of
separation line are changed with rotational speed and vane angle. Comparison is done
between 30° and 90° vane angle at the rotational speed of 60 rpm with different
aerodynamic characteristics. Secondary flow can be seen on both cases. In the case of
30° guide vane, the streamlines are close to the leading edge at the blade tip, and they
suddenly diffuse from the leading edge to the trailing edge in the region close to the
blade root. However, this diffusion occurs slowly in the case of 90° guide vane. It is
also found that at constant rotational speed of 120 rpm, the streamlines show a similar
flow behavior along the spanwise direction and as the vane angle decreases, the flow
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separation line gets closer to the leading edge of the blade.

Figure 28. Streamlines on Turbine Blade Suction Side for Different Vane Angles
and Rotational Speeds, Colored with the Static Pressure.
Further observations are obtained from the static pressure contours plotted in
Figure 29. Different spaced slices of the pressure field around the turbine blade are
considered. As shown in Figure 19, the blade has different angle of attack along the
blade.

30d 20 rpm

30d 60 rpm

30d 100 rpm

Figure 29. The Contours of Static Pressure (Pa) along the Blade at Different Radial
Positions for Vane Angle of 30° and Three Rotational Speeds.
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The results show that in lower rotational speed of 20 rpm, the higher is the
distance from the blade root, the greater is the pressure value within the pressure field.
As the rotational speed increases, the outward section of the blade operates with the
lower pressure in suction side of turbine blade while the section close to the blade root
has higher pressure in suction side.
Velocity Profiles in the Wake
For a better understanding of the flow behavior in presence of turbine inside the
chimney, the numerical results corresponding to the velocity profiles in the wake are
presented. The contour plots of the axial velocity component for several downstream
locations above the turbine are computed at 30°, 60°, and 90° vane angles and turbine
with rotational speed of 60 rpm. The plot conditions are similar to the ones presented
in Section 3.3 which are the velocity profiles for the case without turbine. Figures 3032 show the process of velocity deficit and recovery behind the turbine inside the solar
chimney. It is interesting to note that the wake effects are noticeable only in near field
close to the turbine and it disappears in the far field wake at distances as large as z/D=5.
Comparing the plots in Figures 14-16 with Figures 30-32 reveals that once the
heated flow passes through the turbine, the turbine extracts momentum from the
incoming heated flow and produces a wake. This can be observed from the low-speed
decelerated zone right after the turbine hub where an M-shaped velocity profile. In the
near field close to the turbine, the presence of turbine blade perturbations strongly
affects the flow field, and at blade tip the effect of vortex path on axial velocity profile
is recognizable which results in higher axial velocity. A near symmetrical pattern of
velocity profiles with a low-speed decelerated zone at the centerline of the chimney can
be observed at each location. The axial velocity falls down with a wake width
approximately equal to the turbine hub diameter. The wake width in the case of 30° is
a little wider than the case of 90° guide vane. The shape of velocity profile can be
attributed to the design of the turbine blades and size of the turbine hub. Moving upward
to the far wake zone, the wake becomes a uniform field, and the M-shaped velocity
profile becomes flatter due to momentum recovery of velocity deficit and the mixing
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effect.
Figures 30-32 also presents the axial velocity contours at several cross sections
along the chimney to show the transition from the near-field wake to the far-field wake
along the chimney. It is worth noting strong axial velocity close to the blade tip due to
the presence of the blade tip vortex. Also, an angular shift respective to the blade
position can be observed in flow structures which is a result of the rotation of the wake
in the downstream.

Figure 30. Near Wake (Top-Left), Far Wake (Top-Right), and Contour of Axial
Velocity inside the Chimney for Angle of 90 Degree and Rotational Speed of 60 rpm
Presence of Turbine.
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Figure 31. Near Wake (Top-Left), Far Wake (Top-Right), and Contour of Axial
Velocity inside the Chimney for Angle of 60 Degree and Rotational Speed of 60 rpm
Presence of Turbine.
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Figure 32. Near Wake (Top-Left), Far Wake (Top-Right), and Contour of Axial
Velocity inside the Chimney for Angle of 30 Degree and Rotational Speed of 60
rpm Presence of Turbine.

Fluid-Structure Interaction (FSI) Simulation
The interaction between fluid and solid, with important role in the analysis and
design of various engineering systems, is a phenomenon in which a solid structure may
deform due to fluid flow. This deformation can change the boundary condition and
shape of a fluid system. This can also occur the other way around where the structure
changes the flow field. These are called fluid-structure interactions (FSI) problem. A
rotating turbine in a solar chimney is an example of FSI problem. Solution strategies
for FSI problems are mainly divided into one-way and two-way coupling (further
divided into weakly and strongly coupled methods) (Benra et al., 2011). Regardless of
choosing one-way or two-way coupling methods, the simulations are based on a
partitioned method where separate solutions for the different physical fields are
provided. The flow field and structure system will be solved separately, and at the
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boundary between fluid and solid, information for the solution will be shared between
the fluid solver and structure solver. The exchanged information depends on the
coupling method. In one-way method, only the fluid pressure acting at the solid system
will be transferred to the structure solver, while in two-way method, the displacement
of the solid system will also be transferred to the fluid solver.

(Benra et al., 2011).
Figure 33. Solution Strategy in One- Way Coupling Method
For a better understanding of the effect of flow field on turbine structure, oneway FSI simulation is conducted to inquire the deformation and the stress distribution
on the turbine blade. The solution procedure of one-way coupling method is shown in
Figure 33. Initially, the fluid field inside the chimney is solved until the convergence
criteria are achieved. Then, the calculated pressures at the turbine boundaries are then
transferred to the structure side. The structure solver is used to calculate the
displacement of turbine blade until the convergence criterion is reached. Then, the fluid
field for the next time step is calculated to convergence. The simulation is done when
the maximum number of time steps is reached.
Although in reality the turbine is made up of thin shells, the geometry of the
turbine used in this study is simplified to solid to reduce the difficulty of calculation.
Due to the symmetric structure of the turbine, only one blade is simulated. The turbine
blade is meshed with structural hexahedron elements, whose size is set to 0.015 m,
using multizone method. The mesh system of the turbine blade is shown in Figure 34.
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Figure 34. Grid System of the Solid Turbine Blade.
The material assigned to the turbine blade is glass fibers reinforced plastics
(GFRP). The properties of the material are shown in Table 10.

Table 10. The Material of Glass Fibers Reinforced Plastics (GFRP).
Property
Density (kg/𝑚3 )
Young’s Modulus (Pa)
Poisson’s Ratio

Value
2800
3.6233 × 1010
0.1615

A total of six cases are simulated in this study. For cases of 30°, 60° and 90°
guide vanes, cases with turbine angular velocity of 20 rpm and 100 rpm are examined
and total deformation and the von Mises stress distribution are calculated. The
directional and total deformation are determined by:
𝑑𝑙 =

𝜎 𝑙0
𝐸

(38)
(39)

𝑑𝑙𝑡𝑜𝑡𝑎𝑙 = √𝑑𝑙𝑥 2 + 𝑑𝑙𝑦 2 + 𝑑𝑙𝑧 2

where 𝜎 represent the normal stress, 𝐸 represents the Young’s modulus, 𝑙0
represents the original length. In Eq. (39), 𝑑𝑙𝑥 , 𝑑𝑙𝑦 and 𝑑𝑙𝑧 represent the directional
deformation, while 𝑑𝑙𝑡𝑜𝑡𝑎𝑙 represents the total deformation.
The von Mises stress, 𝜎𝑣 , can be expressed by:
(𝜎𝑥𝑥 − 𝜎𝑦𝑦 )2 + (𝜎𝑦𝑦 − 𝜎𝑧𝑧 )2 + (𝜎𝑧𝑧 − 𝜎𝑥𝑥 )2 + 6(𝜎𝑥𝑦 2 + 𝜎𝑦𝑧 2 + 𝜎𝑧𝑥 2 )
𝜎𝑣 = √
2

(40)

where 𝜎𝑥𝑥 , 𝜎𝑦𝑦 and 𝜎𝑧𝑧 are normal stress, and 𝜎𝑥𝑦 , 𝜎𝑦𝑧 and 𝜎𝑧𝑥 are shear stress.
Table 11 presents the maximum deformation and maximum von Mises stress of all the
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cases. In addition, Figure 26 shows the position of the maximum deformation and von
Mises stress. Due to the maximum positions being almost the same for all the cases,
only the position of one case is shown as example.
It can be observed from Table 11 that for the case of 30° guide vane, the
maximum deformation and von Mises stress increase as the vane angle increases. For
100 rpm, the maximum deformation and von Mises stress of 30° guide vane is smaller
than that of 60° and 90° guide vanes. Also, for a constant vane angle, the maximum
deformation and von Mises stress of 20 rpm is smaller than that of 100 rpm. According
to Figure 31, it can be concluded that the turbine with 30° guide vane produces more
power while undertaking less bending at high angular velocity. This find will possibly
benefit the turbine design with lower cost and requirements when small angle vanes are
employed.
Table 11. Effect of Vane Angle and Angular Velocity on Maximum Deformation
and von Mises Stress.
30°

60°

90°

20 rpm

100 rpm

20 rpm

100 rpm

20 rpm

100 rpm

Maximum
deformation
(mm)

0.512

1.00

0.579

1.080

0.647

1.070

Maximum
von Mises
stress (kPa)

517

732

587

891

657

889

Figure 35. Total Deformation (Left) and von Mises Stress (Right) for the Case of
90° Guide Vane and 20 rpm.
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Figures 36 and 37 show the maximum blade tip deflection and von Mises stress
for cases at 60 rpm and different vane angles (30°, 60°, and 90° guide vanes) with
increasing Young’s modulus as material stiffness. It is observed that the maximum
deflection of the blade tip for all cases follows a similar trend as the material stiffness
is increases. The blade’s maximum deflection decreases with increasing Young’s
modulus, following a power law, where the maximum deflection changes by a factor
which is the inverse of that by which the modulus is changed. However, the maximum
von Mises stress stays constant for each angle for various Young’s modulus with higher
value belonging to the case of 90° guide vane and smaller von Mises stress for the case
of 30° guide vane.
2.5E-03

Max deformation (m)

90

60

30

2.0E-03
1.5E-03
1.0E-03
5.0E-04
0.0E+00
0

50

100
150
Young’s Modulus (GPa)

200

250

Figure 36. Effect of Young’s Modulus on Blade Tip Deflection at 60 rpm and
Different Vane Angles.
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von Mises Stress (Pa)

90

60

30

7.45E+05
7.35E+05
7.25E+05
7.15E+05
7.05E+05
6.95E+05
0

50
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150
Young’s Modulus (GPa)

200
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Figure 37. Effect of Young’s Modulus on Maximum von Mises Stress at 60 rpm
and Different Vane Angles.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORKS
Conclusions
In this work, the performance of guide vanes with and without turbine was
investigated to obtain an effective solution to increase the power output of solar
chimney power plant (SCPP). The angle of guide vanes was considered as the main
parameter being investigated and discussed. All the turbine and guide vanes were
created via SOLIDWORKS 2018 software. All the fluid simulations were done by
ANSYS FLUENT 19.2 and the FSI simulation is done by ANSYS WORKBENCH 19.2.
The conclusion of all simulations of the flow performance under the effect of guide
vanes with or without turbine were presented as followed.
In Chapter 3, the effect of guide vanes was investigated without the presence of
the turbine. Guide vanes of 30°, 45°, 60°, 75° and 90° were considered. The 𝑘 − 𝜔
SST turbulence model was implemented to simulate the flow field inside the solar
chimney. It was found that as the vane angle decreases, the tangential velocity and
temperature increase and the axial velocity decreases. It was also observed that the flow
was more concentrated to the hub of the chimney as the vane angle decreases. Swirling
flow generated by the guide vanes was also studied. For vane angle of 30°, 45°, 60°
and 75°, the swirl numbers were 0.88, 0.66, 0.43 and 0.19, respectively, at the outlet of
the vane chamber, which means the generated swirl by smaller angled vanes was larger.
In Chapter 4, the effect of guide vanes on aerodynamic performance of turbine
was studied. For vane angles of 30°, 60° and 90°, various turbine angular velocities,
20 rpm, 40 rpm, 60 rpm, 80 rpm, 100 rpm and 120 rpm, were considered. The MRF
method and 𝑘 − 𝜔 SST turbulence model were employed in this study. It is found that
the maximum power output was 82.174 kW at 80 rpm by the 30 ° guide vane.
Comparing to the maximum power generated by the 90° guide vane, which was 66.340
kW, there was a 23.9% increase, and it was about 60% increase comparing to the
Manzanares prototype, whose peak power output is about 50 kW. Also, it was found
that the thrust force on the turbine decreases as the vane angle decreases. A one-way
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FSI simulation was used to find the deformation and von Mises stress of the turbine
blade. Pressure data was loaded to the solid turbine blade, which was made of glass
fibers reinforced plastics (GFRP), to calculate the deformation and von Mises stress on
it. Results showed that the 30° guide vane experienced the smallest deformation and
von Mises stress at both 20 rpm and 100 rpm. This find may benefit the turbine design
with lower requirement and cost.
Future Works
As future work, a list of possible aspects to improve the current work is followed:
•

The number of turbine blades can be varied and studied to further improve the
efficiency of the turbine.

•

Specific designs can be generated to match the guide vane angle to further
increase the power output.

•

Other turbulence models like Large Eddy Simulation (LES) models can be
implemented in the simulation,

•

Other design of vanes can be studied, the effect of varied shapes, extended or
shorten vanes can be investigated.
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